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MECHANICAL PROPERTIES OF

MULTI-YEAR SEA ICE
PHASE I: TEST RESULTS

G.F.N. Cox, J.A. Richter-Menge, W.F. Weeks,

M. Mellor and H. Bosworth

INTRODUCTION

Multi-year pressure ridges are thick accumula-
tions of broken ice blocks that have survived at
least one melt season. Surface melting and subse-
quent freezing of the water in the ridge voids pro-
duce a massive ice feature with few or no voids.
Multi-year pressure ridges in excess of 30 m thick
have been observed off the Beaufort Sea coast
(Kovacs 1976).

Little is known about the structure and strength
of the ice in multi-year pressure ridges. This is sur-
prising because multi-year pressure ridges may
govern the design of offshore structures in ex-
posed areas of the Beaufort and northern Chukchi
seas. Data on the mechanical properties of this ice
are needed so that offshore petroleum exploration
can proceed in a safe, cost-effective manner,

This report presents the results from the first
phase of a joint government-industry study de-
signed to obtain a comprehensive understanding
of the structure and mechanical properties of ice
samples from multi-year pressure ridges. The first
phase of the study included field sampling in the
southern Beaufort Sea, developing a variety of ice
testing techniques, and performing 282 uniaxial
compression, tension and conventional triaxial
tests. Most of the tests were uniaxial compression
tests. In subsequent phases of the program the em-
phasis will shift to tension and triaxial tests,

Ice samples were collected from ten multi-year
pressure ridges and from a presumably unde-

formed multi-year floe. Constant-strain-rate unj-
axial compression tests were performed on the
ridge ice samples to assess the variations of the ice
strength within and between pressure ridges. We
conducted these tests at two temperatures and
strain rates so that we could also evaluate effects
of ice salinity, temperature, porosity, structure
and strain rate on the mechanical properties of the
ice. The multi-year floe ice samples were used to
develop the tension, constant load and triaxial
testing techniques that will be used more exten-
sively in subsequent phases of the program.

This report includes a discussion of the field
sampling program and the test results and analy-
ses. The development of suitable sample prepara-
tion and testing techniques is described in a com-
panion report: ‘“Mechanical Properties of Multi-
year Sea Ice: Testing Techniques” (Mellor et al.
1984).

FIELD SAMPLING

The field sampling was performed during the
first two weeks of April 1981. On 1 and 2 April
reconnaissance flights were flown to observe the
distribution of multi-year ice in the Prudhoe Bay
area. The area north and west of Reindeer Island
was selected as the study area since it contained a
wide variety of multi-year floes and was conveni-
ent to Deadhorse, our base camp (Fig. 1). Coring
and sampling operations began on 3 April and
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Figure 1. Map of Prudhoe Bay showing the general area where the ice

samples were collected.

continued to 15 April. During this period ten
multi-year ridges and a presumably undeformed
multi-year floe were sampled. We collected con-
tinuous cores from one ridge and from the multi-
year floe for detailed structural analysis. Paired
horizontal and vertical cores were taken at two
sites. In all, 329 m of ice were cored and 223 m
were shipped to CRREL, resulting in 590 potential
test specimens.

Site selection and description

Ten multi-year ridges were sampled on several
floes located north and west of Reindeer Island.
No attempt was made to determine the exact
position of each ridge as there was no reason to
believe that position and ridge characteristics
are related. All the sampled ridges were part of
the fast ice belt and did not appear to be ground-
ed. The multi-year floes containing the ridges
were generally rounded and quite varied in size.
Some of the larger floes had lateral dimensions
of 0.5-1 km. Figures 2 and 3 are general aerial
views of some of these floes.

In selecting specific ridges we attempted to in-
clude both large and small multi-year ridges. In all
cases the ridges we sampled were well-defined
linear features that were readily discernible from

the air. On each ridge, four cores were obtained,
two from each of two sites. Figure 4 shows the
pair A and B on ridge 2, separated by 33 cm. The
pairs of cores at sites AB and CD on the various
ridges were separated by 14-46 m. Table 1 gives
A-B, C-D and AB-CD distances and the elevations
of the drill sites above level ice in the vicinity of
each ridge. On each of the ten ridges the intent was
to sample two locations that were far enough
apart so that the specimens were clearly from dif-
ferent areas; at each of these locations the two
cores were as close to each other as reasonable
without developing drilling difficulties. The exact
spacings were controlled by the geometries of the
various ridges. The surface morphology of the ten
ridges was similar: all showed rounded outlines,
indicating that they had undergone surface melt;
their surfaces were covered with thin snow covers;
and the ridge heights were irregular. Figure 3 and
5 show aerial and surface views of the floe con-
taining ridges 1 and 2. Figure 6 shows surface
views of ridge 1. A pair of vertical and horizontal
cores was also collected on ridge 1, which was also
studied by Vaudrey and Associates. Figure 7
shows two surface views of ridge 2, and Figure 8 is
an aerial view. Figure 9 is an aerial view of ridge 3
with people on the ice for scale.




Figure 2. Aerial view of study area.

Figure 3. Aerial view of the multi-

year floe that contained ridges I and 2. The

Structure is a one-room building installed by Vaudrey and Associates.




Figure 5. Surface view of the floe containing ridges 1 and 2.



Table 1. Heights and distances between sample sites.
Height above
level ice (m) Distance between sites
Ridge A, B C, D A-B (cm) C-D (cm) AB-CD (m)

1 2.1 1.7 45 47 20
2 2.7 1.7 33 41 25
3 2.1 1.8 40 43 30
4 4.0 3.7 63 47 15
5 2.1 1.7 21 24 20
6* 5.2 1.8 — — 18
7 1.5 0.6 17 21 36
8 1.8 3.7 17 20 27
9 3.7 1.8 21 37 . 46
10 2.7 2.1 26 22 14

* Ice obtained only at sites A and C.

Figure 6. Surface views of ridge 1. ;
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Surface views of ridge 2

Figure 7



Figure 8. Aerial view of ridge 2.

Figure 9. Aerial view of ridge 3.
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Figure 10. Surface views of ridge 4.

Ridge 4 was large, with the drill sites located 4 and
3.7 m above the surrounding floe (Fig. 10). This
ridge was split, exposing its internal structure (Fig.
11). Ridge 5 was lower and located near ridge 4
(Fig. 12). Ridge 6 was the highest ridge sampled,
with one drill site 5.2 m above the surrounding ice
(Fig. 13). The blocky nature of portions of ridge 6
and the number of voids in the core suggest that

this ridge was composed of second-year ice. In
fact, the condition of the ice in this ridge was sO
poor that only one hole was drilled at each site.
Ridge 7 was a low ridge that did not possess any
particularly distinguishing features (Figs. 14 and
15). Ridge 8 was a long distinctive feature (Fig.
16). Ridges 9 and 10 were both on the same large
floe (Figs. 17-19).




Figure 12. Aerial view of ridges 4 and 5




Figure 15. Aerial view of ridge 7.
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Figure 16.

Figure 17.

Aerial view of ridge 8.

Surface view of ridge 9.
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Figure 18. Aerial view of ridge 9.

Figure 19. Aerial view of ridge 10.

The presumably undeformed multi-year ice that
was cored was near the hut close to ridges 1 and 2
(Fig. 3). We assumed that the ice was undeformed
because the sampling area was flat; however, thin
sections of the ice core showed columnar ice hav-
ing a growth direction up to 30° from the vertical.
The first set of matching horizontal and vertical
cores was from ridge 1, where Vaudrey and
Associates had quarried ice for test beams (Fig.
20). The continuous multi-year pressure ridge core

12

collected for petrographic study was obtained
nearby. Finally, the second set of matching
horizontal and vertical cores was collected from a
large ridge that had split, allowing horizontal cor-
ing (Fig. 21).

Tables 2, 3 and 4 present data on the length of
hole drilled, the estimated number of specimens

‘obtained, and the amount of core that was ship-

ped to CRREL for testing. A total of 467 samples
were obtained from multi-year pressure ridges.




Figure 21. Horizontal coring in a split ridge.

We had planned to collect at least six samples
from each drill site (there were four drill sites on
each ridge), but we actually collected from 8 to 16
at each site. We also planned to collect two
samples from above level ice (ridge sail) and four
samples from below level ice (ridge keel) at each
site. This requirement was met and usually exceed-
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ed at all sites except 7C and D, where a low
freeboard prevented us from collecting more than
one sample above level ice at each site, and at 4A
and B, where a high freeboard prevented us from
collecting more than two samples below level ice at
each site. About 120 samples were collected from
the presumably undeformed multi-year floe.



Table 2. Coring data for the multi-year pressure ridges.

Core

Ridge Depth of Approximate no. of samples length
Ridge height penetration Above Below retained

no. Site (m) (m) level ice level ice Total (m)

1 A 2.1 4.75 6 6 12 4.70
B 2.1 5.65 4 10 14 5.19

C 1.7 4.30 3 6 9 3.73

D 1.7 4.22 3 6 9 3.48

2 A 2.7 4.53 6 5 11 3.77
B 2.7 5.09 6 6 12 4.82

C 1.7 5.14 3 8 11 4.44

D 1.7 5.37 4 5 9 3.61

3 A 2.1 5.47 3 8 11 3.99
B 2.1 4.07 5 4 9 3.76

C 1.8 4.46 4 6 10 3.76

D 1.8 3.99 4 5 9 3.57

4 A 4.0 4.68 9 2 11 4.63
B 4.0 4.78 10 2 12 4.78

C 3.7 5.82 7 5 12 4.31

D 3.7 5.63 9 5 14 5.63

5 A 2.1 5.38 7 8 15 5.28
B 2.1 4.30 6 5 11 4.30

C 1.7 5.92 4 10 14 5.47

D 1.7 5.88 3 10 13 5.29

6 A 5.2 7.29 7 6 13 4.60
C 1.8 6.29 5 9 14 5.14

7 A 1.5 5.92 4 9 13 4.81
B 1.5 6.93 3 13 16 6.30

C 0.6 6.07 1 8 9 3.01

D 0.6 5.76 1 9 10 3.30

8 A 1.8 4.68 4 S 9 3.23
B 1.8 5.45 4 8 12 4.16

C 3.7 6.25 6 5 11 31.86

D 3.7 7.00 4 6 10 3.27

14




Table 2 (cont’d).

Core
Ridge Depth of Approximatie no. of samples lengih
Ridge height penetration Above Below retained
no. Site (m) (m) level ice level ice Toral ()
9 A 3.7 5.70 7 4 11 3.63
B 37 5.12 7 3 10 3.28
C 1.8 5.45 4 7 11 3.63
D 1.8 4.98 4 5 9 2,97
10 A 2.7 5.81 3 6 9 2.94
B 2.7 4.99 4 4 8 2.64
C 2.1 5.73 3 8 11 3.63
D 2.1 5.99 3 7 10 3.63
Total 204.84 424 156.54
Paired horizontal and vertical cores
Horizontal 1 1 4.06 7 2.31
2 3.02 5 1.66
Vertical 1 1 2,18 4 1.32
2 2.30 3 1.02
3 2.31 2 0.66
4 2.11 3 1.34
Horizontal 2 1 3.26 b 1.65
2 3.27 3 0.99
Vertical 2 1 3.30 2 0.66
2 3.21 1 0.33
3 2.30 3 0.99
4 3.18 S 1.65
Total 34.50 43 14.58
Thin-section 8.18 8.02
and salinity
core
- Grand total 247.52 467 179.14
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Table 3. Coring data for the undeformed multi-year

ice.
Length cored No. Length retained

Site (m) of samples m)
Cl 3.35 2 0.66
C2 3.56 7 2.31
C3 3.31 7 2.31
C4 3.35 6 1.98
CS5 3.17 6 1.98
C6é 3.32 5 1.65
Cc7 3.31 5 1.65
C8 3.14 5 1.65
Cc9 3.31 6 1.98
Cl0 3.27 6 1.98
Cli 3.00 6 1.98
Cl2 3.29 S 1.65
C13 3.20 5 1.65
Cl4 3.28 4 1.35
ClS 3.13 5 1.65
Cl6 3.35 6 1.98
C17 3.10 4 1.35
Ci8 3.34 5 1.65
C19 3.34 5 1.65
C20 3.23 4 1.35
C21 3.17 7 2.31
Cc22 3.30 5 1.65
C23 3.13 4 1.35
C24 3.14 5 1.65
Total 78.09 123 40.74
Thin-section

and salinity core 3.18 3.18
Grand total 81.27 43.92

Table 4. Summary of core and sample recovery information.

Length Length
cored retained Percentage Approximate no.
Ice cored (m) (m) retained of samples
Multi-year pressure ridges
Vertical holes 204.84 156.54 76 424
Paired vertical and hori-
.zontal cores 34.50 14.58 42 43
Thin-section and salinity
core 8.18 8.02 87 —
Undeformed multi-year ice
Thin-section and salinity
core 3.18 3.18 100 —
Vertical holes 78.09 40.74 52 123
Total 328.79 223.06 590

16




There were large variations in the percentage of
collected ice that was actually retained (Table 4).
These variations are readily explainable. Two
cores were taken strictly to provide ice for deter-
mining ice temperature, salinity and internal struc-
ture. All of these cores were retained (except for a
small, badly shattered segment that was judged
unusable, even for these purposes). At first only
one person was available to log the ice cores from
the multi-year pressure ridges. As core logging was
the slowest part of the sampling procedure, time
was not available to trim all samples to size.
Therefore, an appreciable amount of extra ice was
loaded for additional thin section and salinity
analyses. Later, when the multi-year floe was be-
ing sampled, two persons were logging cores,
samples were trimmed to 33-cm lengths, and it was
not necessary to collect additional ice. A sample
recovery rate of 60% is probably a reasonable
figure to use in planning future programs involv-
ing vertical coring. The low recovery rate from
two sites where paired vertical and horizontal
cores were collected (42%) was caused by the poor
quality of the ice.

Ice sampling procedures

Drilling

Ice cores 4% in. (10.8 cm) in diameter were ob-
tained with a fiberglass coring auger specifically
designed and built for this study. The auger was
driven by a %-in., %-h.p. electric drill (Fig. 22).
Power was supplied by a 1700-W generator. The
cores were obtained at depth by attaching CRREL
auger extension rods to the core barrel. To prevent
the extension rods and core barrel down the hole
from vibrating, spacers having outside diameters
of 5.625 in. (14.3 cm) were attached around the
extension rods. The new, larger-diameter auger
produced high-quality ice cores up to 120 cm in
length. Details on the core barrel design are given
in Rand (In prep.).

Core measurements

Immediately after the core was retrieved from
the ice, a temperature reading was taken in the
bottom of the core. A hole was drilled into the
center of the core with an electric hand drill, and a
thermistor probe was inserted in the ice (Fig. 23).
While the temperature equilibrated, the length of
core was measured and 33-cm-long strength test
samples were selected (Fig. 24). Generally, one to
three test samples were obtained from each ice
core. Ice containing core dog gouges was rejected,
while ice containing healed natural cracks was re-
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Figure 22. Coring equipment.

Figure 23. Measuring the ice temperature.



Figure 24. Logging ice and selecting suitable test
samples.

Figure 25. Logging site. Note core tubes and salinity containers.
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tained for testing. The samples were cut to length
with a coarse-toothed pruning saw. The lower 5
cm of each core, from which the ice temperature
was obtained, was also usually saved for an ice
salinity measurement. This ice was placed in
numbered 1-qt freezer containers. Pieces less than
33 cm long were measured and discarded. At least
33 cm of ice would be needed for easy matching to
final test specimen dimensions. Both discarded
and test ice were catalogued for length and depth.
The positions of the temperature and salinity
samples were also noted so that temperature and
salinity profiles could later be plotted. We then
placed the test ice in numbered core tubes, taking
note of the core tube number and the position of
the test ice in the tube (Fig. 25). The core tubes
were packed in wooden boxes lined with insulation
for shipment to Deadhorse.

In Deadhorse the ice salinity samples were
melted, and salinities were determined with a
conductivity bridge (Fig. 26). The core tubes were
transferred to insulated boxes for shipment to
CRREL in Hanover.

Figure 26. Measuring salinity.

Shipping and storage of ice samples

Shipping and storage of the ice core samples
were important parts of the ice sampling program.
Samples were temporarily stored in Deadhorse
and Anchorage, and shipped from Deadhorse to
Anchorage and on to Hanover.

When the ice was sampled, the air temperatures
in the Prudhoe Bay area remained below -15°C.
Since the ambient temperatures were close to the
NaCle2H,O eutectic, -22.9°C, and because the
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multi-year ice had a low salinity, usually less than
4 9/00, no special measures were taken to refriger-
ate the samples, either on the ice or in Deadhorse.
No brine drainage from the core samples was ob-
served. Had it been unseasonably warm, the cores
would have been packed in dry ice immediately
after removing them from the ice floe,

Upon removal from the ice, the cores were cut
to length, catalogued and packed in core tubes. In
Deadhorse, gaps in the core tubes were packed
with paper to protect the core ends from damage
during shipment. The core tubes were then placed
in insulated shipping boxes. These boxes were con-
structed of heavy-weight, wax-coated cardboard,
with 3-in.-thick styrofoam on the bottom, sides
and top. Each box could accommodate six 1-m-
long tubes, snow for packing, and dry ice for re-
frigeration.

When ten or more shipping boxes were filled

with core samples, a shipment of dry ice was
ordered from Anchorage. To avoid delays in ship-
ment, the dry ice was shipped to Deadhorse by
cargo air freight. When the dry ice arrived in
Deadhorse, the ice core boxes were taken to the air
cargo terminal, where they were packed with snow
and dry ice. Two to three inches of snow were
packed on top of the core tubes to prevent thermal
cracking of the cores, which could result from
direct contact with the dry ice. Then two blocks of
dry ice were crushed and spread over the top of the
snow in each box (Fig. 27). Each block of dry ice
originally weighed 25 lbs. About 8 Ibs were lost in
shipment to Deadhorse due to sublimation., Thus,
each shipping box was sent to Anchorage with
about 35 Ibs of dry ice.
" To minimize shipping damage and to facilitate
handling, the boxes were strapped to wooden
pallets (Fig. 28). Two boxes were placed on each
pallet. Instructions were given to the shipper not
to stack the pallets more than two high. “‘Freeze”’
stickers were also placed on the boxes to alert ship-
pers that the boxes should be refrigerated if they
were delayed in shipment. To prevent the ice from
being delayed in Deadhorse or Fairbanks, the ice
was usually sent priority air freight to Anchorage.
Three ice shipments were made from Deadhorse to
Anchorage. An expediting firm in Anchorage was
alerted prior to each ice shipment. They were pro-
vided with shipping information, such as air bill
number and number of boxes. The expediter met
each shipment as it arrived in Anchorage, in-
spected the dry ice, and moved the ice to a cold-
storage facility at a seafood processing plant (Fig.
29). Storage temperatures were maintained at
-30°C.



Figure 27. Crushing dry ice for refrigerating ice samples.

Figure 28. Strapping ice shipping boxes on pallets.
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Figure 29. Ice shipment in cold storage in Anchorage.

All of the shipping boxes still contained dry ice
when they arrived in Anchorage. However, about
half the dry ice in each box was lost after a
36-hour wait in Deadhorse and a 3-hour flight to
Anchorage (which stopped in Fairbanks).

At the end of the field sampling program, two
CRREL employees went to Anchorage to prepare
the ice samples for shipment to Hanover. Each of
the boxes was opened and repacked with 75 Ibs of
dry ice, and the boxes were rebanded to the
pallets. The ice was then shipped priority air
freight to Boston, where it was met by CRREL
employees with a refrigerated truck. The ice was
then taken to CRREL and stored at -30°C.

TESTING TECHNIQUES AND PROCEDURES

Sample preparation and testing techniques were
developed to perform quality uniaxial compres-
sion and tension tests at a constant strain rate, uni-
axial compression tests at a constant load, and
conventional triaxial tests at a constant strain rate.
During this development, different sample geo-
metries, platens, strain-measurement transducers,
and loading devices were evaluated. These efforts
are described in a companion report (Mellor et al.
1984). Close attention was given to the practices
recommended by Hawkes and Mellor (1970) for
the uniaxial testing of rock, and the IAHR ice-
testing standardization group (Schwarz et al.
1981).
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MULTI-YEAR PRESSURE RIDGE TESTS

Ice description

Prior to this investigation no detailed structural
analyses had been performed on ice samples from
multi-year pressure ridges. It is therefore appro-
priate to examine the structure, salinity and densi-
ty of the ice so that the test results can be properly
evaluated. As it is often difficult to differentiate
between the original fabric and the deformation
fabric of a tested specimen, a continuous core was
obtained from a multi-year pressure ridge specifi-
cally for structural analysis. A simple structural
classification scheme was also devised from con-
tinuous core and sample thin sections for investi-
gating the effects of ice structure on strength.

From our understanding of pressure ridge for-
mation and consolidation mechanisms we would

- expect to find a variety of ice types in a multi-year

pressure ridge. A given core may contain small to
large fragments of columnar sheet ice blocks;
slush, snow and granular ice in the frozen voids
between the sheet ice blocks; and even some fresh-
water ice derived from summer melting. We would
expect large blocks of sheet ice in compression
ridges and small fragments of sheet ice in shear
ridges, depending on how the ridge was formed.
The structural profile of the 8.2-m-long, multi-
year ridge continuous core is given in Appendix A.
If the keel-to-sail ratio was 3.3 (Kovacs 1983), this
ridge was 12.9 m thick. The profile was prepared
by splicing photographs of vertical-ice thin sec-



tions taken in crossed polarized light. A few
photographs of horizontal thin sections are also
included. A second vertical profile (which is not
included here) of the same core was also prepared
from thin sections obtained at right angles to the

first profile to aid in determining the structural’

type and orientation of the crystals. ;

The upper 140 cm of the core consists of iso-
tropic, fine-grained (<2 mm) to medium-grained
(2-6 mm) granular ice. At about 140 cm there is a
transition to fine- to medium-grained columnar
crystals having no well-defined orientation. This
ice, which is mixed with some fine granular
material, continues to about 167 cm, where a
3-cm, fine-grained band begins. Below the band
the columnar crystals become elongated in a direc-
tion 25 ° from the vertical. At 185 cm the direction
of elongation again becomes irregular, and the
crystals are mixed with fine-grained material.
Some fine granular grains are present in well-de-
fined bands. From 210 to 260 cm the columnar
crystals are medium-grained to coarse-grained
(>6 mm) and are elongated 10° from the ver-
tical.

At about 260 cm there is a striking change in the
fabric. A 100-cm-thick layer of brecciated ice is
found consisting of columnar and granular frag-
ments up to 5 cm in diameter surrounded by fine-
to medium-grained granular ice. Samples of the
granular material had porosities of about 500
0/00 and salinities of 0.04 ©/00. It is surprising to
find such porous ice below sea level, as one would
expect porous ice to be saturated with seawater
and have a higher salinity. The larger fragments
consist of either columnar sea ice or columnar
freshwater ice. The freshwater ice was probably
derived from a frozen melt pond that was incor-
porated into the ridge.

From 360 to 460 cm the core consists largely of
isotropic fine and medium granular material with
a few isolated patches of brecciated ice. This is
followed by about ¢0 cm of medium- and coarse-
grained columnar crystals generally showing no
preferred orientation. Fine-grained, healed cracks
are also present in the ice. At 550 cm a 15-cm-thick
layer of brecciated ice begins. The layer is similar
to the brecciated ice above, but the columnar frag-
ments are smaller. ‘

The remainder of the core consists of columnar
ice. From 565 to 600 cm columnar crystals are
coarse-grained and have no preferred orientation.
At about 600 cm the c-axes of the crystals become
horizontal, and between 700 and 800 cm the c-axes
show strong alignment in the horizontal plane.
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The crystals are medium- to coarse-grained. The
bottom 20 cm of the core consists of coarse-
grained crystals having c-axes close to horizontal,
with no preferred alignment.

‘About one-third of the core consists of colum-
nar ice, most of which is near the bottom of the
core (Fig. 30). The upper portion of the core con-
sists largely of granular ice, mixed granular and
columnar ice, and pulverized, brecciated ice.

. Overall, the ice structure is highly variable, and we

would expect the mechanical properties of the ice
to be equally variable.

The salinity profile (Fig. 30) shows a character-
istically low salinity in the upper portion of the
ridge caused by flushing of the brine during the
melt season (Cox and Weeks 1974). At depth the
salinity is generally greater, except for the brecci-
ated ice, which has a low salinity. These observa-
tions from the continuous core are consistent with
the salinity measurements of the tested specimens.
Samples from the ridge sails had an average salini-
ty of 0.7 ©/00, while samples from the ridge keels
had an average salinity of 1.5 O/00. The mean sa-
linity of all the test samples was 1.3 £ 0.8 9/00.

Salinity (%)
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Figure 30. Salinity and schematic structural
profile for the continuous multi-year pres-
sure ridge core. G = granular ice, C =
columnar ice; M = mixed granular and
columnar ice.




The ice in the sails also had a lower density. The
average density of the test samples from the ridge
sails was 0.875 Mg/m® (54.6 lbs/ft*). The keel
samples had an average density of 0.899 Mg/m?
(56.1 Ibs/ft*). Densities were determined at -20°C
(-4°F). The lower density of the sail samples can
be attributed to their higher porosity and lower
salinity.

Based on the ice structure in the continuous core
and the test specimens, a simple ice structure
classification scheme was devised to help in exam-
ining the effects of ice structure on strength (Table
5). Existing ice classification methods, such as
those of Michel (1978) and Cherepanov (1974), are
not appropriate because they do not consider de-
formed ice. Figure 31 illustrates the structural

Table 5. Structural classification scheme for
multi-year pressure ridge ice samples.

Ice type Code Structural characteristics
Granular I Isotropic, equiaxed crystals
Columnar 11 Elongated, columnar grains

1A Columnar sea ice with c-axes
normal to growth direction;
axes may not be aligned

1IB Columnar sea ice having random
c-axis orientation (Transition
ice)

1IC Columnar freshwater ice; may be
either anisotropic or isotropic

Mixed 111 Combination of Types 1 and 11
IIIA Largely Type II with granular
veins

HIB Largely Type I with inclusions of
Type I or I] ice (Brecciated ice).

Horizontal Section

a. Granular ice (Type I).

=i -~

cm

Vertical Section (0° Elongation)

b. Columnar seq ice ( Type I14).

Figure 31. Thin sections illustrating various ice types.
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Vertical Section
¢. Columnar transition sea ice (Type 1IB).

Vertical Section cm

d. Columnar freshwater ice (Type 1IC).

Vertical Section cm
Hori .
Oleontal Section f. Mixed ice, columnar with
e. Mixed ice (Type III). granular veins (Type ITIA).

Figure 31 (cont’d). Thin sections iflustrating various ice types -
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L1 |

Horizontal Section

I

cm

Vertical Section

8. Mixed, brecciated ice (Type IIIB).
Figure 31 (cont’d).

characteristics of each ice type in our classification
scheme.

The classification scheme does not consider any
genetic criteria; however, the origin of each type
may be postulated. Granular ice may be derived
from snow or slush ice, frazil, granulation of sheet
ice during the ridge building process, or freezing in
the void spaces in the ridge during consolidation.
Columnar ice is probably largely derived from the
parent sheet ice, which was deformed to form the
ridge. It may also form at the base of the ridge by
congelation growth after the ridge was formed.
The mixed ice probably originated during building
and consolidation. Mixtures of granular and col-
umnar (Type III) ice may form in the ridge voids.

25

Type IIIA ice includes healed fractures, and Type
IIIB ice is probably the cataclastic product of ice
blocks ground from the parent sheet.

Sampling scheme and test variables

Uniaxial compression tests were performed on
the ice samples obtained from the ten multi-year
pressure ridges to examine the magnitude and var-
iation of ice strength both within and between
pressure ridges. For each of the four core sites on
each ridge, we tried to test two samples from the
ridge sail (above level ice) and four samples from
the ridge keel (below level ice). The tests were con-
ducted at two strain rates and two temperatures so
that the effects of these variables on the mechani-
cal properties of the ice could also be evaluated.
These temperatures and strain rates were chosen
to bracket the conditions that would be expected
in the ice off the Alaska coast under normal oper-
ating conditions. We tested 222 samples (Table 6).

Table 6. Number of uniaxial com-
pression tests of multi-year ridge ice
at different temperatures and strain

rates.
Number of tests
107%/s 10°5/s Total
-5°C (23°F) 69 71 140
-20°C (4°F) 41 41 82
Total 110 112 222

All of the compression tests were performed on
a closed-loop electrohydraulic testing machine.
The machine had two actuators with capacities of
1.1 and 0.11 MN and a fast-response, high-flow-
rate servovalve. The load frame of the machine
had a capacity of 2.2 MN. Test strain rates were
controlled by monitoring the full sample strain
with an extensometer, which was attached to
phenolic-resin end caps bonded to the test speci-
mens (Fig. 32). The tests were programmed to
continue to 5% full sample strain to examine the
post-yield behavior and residual strength of the
ice. Since this resulted in considerable deforma-
tion of the test specimen, strain rates could not be
controlled by transducers mounted on the ice. Test
temperatures were controlled to within 0.5 °C by
placing the sample in an environmental chamber
mounted on the testing machine. The lower ma-
chine platen was also refrigerated to eliminate
thermal gradient problems.



Figure 32. Instrumented compression test specimen.

In addition to monitoring loads and full-sample
strains during each test, axial strains were meas-
ured with a pair of direct-current distance trans-
ducers (DCDTs) mounted on the center of the
sample. In a few of the tests, circumferential
strains were measured in the middle of the sample
with a roller chain and extensometer; however,
these data were rejected because the roller chain
and extensometer could not be seated properly on
the sample when the displacement was very small.
Data were recorded on an XY plotter, a strip
chart, and an FM magnetic tape recorder.

We prepared cylindrical specimens from the
10.7-cm-diameter core. Samples were first cut to
length on a band saw, and the ends were milled
square on a milling machine to produce a 25.4-cm-
long test specimen. Phenolic end caps were bond-
ed to the sample ends, and the sample was turned
to a diameter of 10.2 cm on a lathe. The finished
sample also had slight fillets on the ends to mini-
mize stress concentrations near the end planes.
Every effort was made to produce properly sized,
precision-machined test samples. Details of the
sample preparation techniques and the testing
equipment are given in Mellor et al. (1984).

At the conclusion of the tests we determined
strength and modulus values from the force-dis-
placement curves and compared them to the brine
volume, porosity and structure of the ice. In addi-
tion, statistical analyses were performed on the ice
strength data to examine the variation of ice
strength within and between pressure ridges.

Uniaxial compressive strength

The results from the constant-strain-rate, uniax-
ial compression tests are given in Appendix D. The
compressive strengths of the specimens, or the
peak stress endured during each of the tests, are
plotted against strain rate in Fig. 33. The plots
show considerable scatter; this is not surprising
because the structure and porosity of the multi-
year ridge samples are highly variable. Average
strength values are given in Table 7 and plotted
against strain rate in Figure 34, which also com-
pares our data to those of other investigators.

The results indicate that the uniaxial compres-
sive strength of vertical sea ice samples from
multi-year pressure ridges increases with increas-
ing strain rate and decreases with increasing tem-
perature. These trends are consistent with the test
data for horizontal first-year sea ice samples re-
ported by Wang (1979). The shaded area in Figure
34 represents the variation in ice strength of hori-
zontal samples of first-year columnar, oriented-
columnar, and granular sea ice in different load-

Table 7. Summary of compressive strength data for multi-year pressure ridge ice samples.

Maximum Minimum Mean and standard deviation
Numbers of
(MPa) (1bf/in.?) (MPa) (1bf/in.2} (MPa) (1bf/in.?) samples

-5°C (23°F) .

107%/s 7.52 1090 0.47 68 2.34 + 1.08 340 + 157 71

107%/s 10.90 1580 2.39 346 6.06 + 1.63 879 x 237 69
-20°C (-4°F)

1073/s 4.26 617 1.17 170 2.79 + 0.69 404 = 100 41

107%/s 12.68 1838 7.03 1020 9.63 + 1.39 1396 = 202 41
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Figure 33. Uniaxial compressive strength of ridge ice
samples vs strain rate.
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Figure 34. Average uniaxial compressive strength of
ridge ice samples vs strain rate at -5°C (23°F) and -20°C
(-4°F). Data for first-year sea ice (Wang 1979) at -10°C
(14°F) and data for multi-year sea ice (Frederking and
Timco 1980) at -26°C (-15°F) are included for com-

parison.

ing directions at -10°C (14 °F). The strength of the
vertical ridge ice samples is comparable to the
strength of granular first-year sea ice and horizon-
tal, columnar, oriented first-year sea ice in the
hard fail direction. Our data also agree closely
with the multi-year sea ice strength values at -26°C
(-15 °F) obtained by Frederking and Timco (1980).

Previous investigations of the strength of first-
year sea ice have shown a decrease in ice strength
with increasing brine volume (Schwarz and Weeks
1977). Presumably, as the brine volume increases,
fewer ice bonds need to be broken before the ice
fails (Weeks and Assur 1969). We found little or
no correlation between the strength of the multi-
year pressure ridge samples and the brine volume.
However, this is not surprising because the multi-
year ice had a low salinity and a high air content.

A more reasonable measure of the ice porosity is
the sum of the brine and air volumes of the ice.
Since sample air volumes are difficult to measure
(Nakawo 1983) and time consuming to calculate,
they have usually been neglected in analyses of sea
ice strength. Equations were therefore developed
for readily calculating the air volume of sea ice
samples, given the ice density, salinity and tem-
perature. The equations are given in Cox and
Weeks (1982).

The compressive strength of the ridge samples is
plotted against the total porosity of the ice in
Figure 35. At all four test conditions the ice
strength decreases with increasing ice porosity.
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This trend appears to be most pronounced at the
higher strain rate, 107*/s, where flaws and cavities
play a more important role in brittle ice failure.
For a given strain rate and porosity there is also a
significant increase in strength with decreasing
temperature. Again, this trend appears to be more
pronounced at 107/s.

In addition to strain rate, temperature and
porosity, the strength and mechanical properties
of ice are greatly affected by the ice structure.
Both Peyton (1966) and Wang (1979) show large
variations in the strength of first-year sea ice de-
pending on the grain size and crystal orientation.
Schwarz and Weeks (1977) reviewed and discussed
the effects of ice structure on the strength of first-
year sea ice.

To evaluate the effects of structure on the
strength of the multi-year ridge ice samples, we ex-
amined the results from the first 78 compression
tests at -5 °C (23 °F). Of these 78 tests, 39 were at a
strain rate of 107%/s and 39 were at 107/s. For
each strain rate the five strongest, the five
weakest, and five intermediate-strength samples
were chosen for detailed structural analysis.

The structural analysis was performed by pre-
paring thin sections of both the tested samples and
the end pieces adjacent to the test specimen. The
end pieces were studied to help determine structur-
al characteristics of the specimen that were not
caused by testing. Horizontal thin sections were
prepared from ice at the top, middle and bottom
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. Figure 35. Uniaxial compressive strength vs porosity for ridge ice samples.
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Figure 35 (cont’d). Uniaxial compressive strength vs porosity for ridge ice samples.
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of the test sample, provided that the sample was Samples containing granular ice (Type ) or a°

not destroyed during the test. The remainder of the mixture of granular and columnar ice (Type III)
sample was sectioned vertically in two perpendic- consistently had intermediate or low strength val-
ular cuts. We determined the ice type, grain size, ues. The structure alone is not clearly related to
and crystal orientation by studying photographs strength for these types of ice. However, the weak-
of the horizontal and vertical thin sections taken est samples generally had much higher porosities
in crossed-polarized light. We also examined than the intermediate-strength specimens.
photographs of the test specimen taken immedi- Our observations on the structural variation of
ately after the test to document the failure charac- ice strength for the columnar samples agree with
teristics of the ice. the findings of Peyton (1966) and Wang (1979) for
The strength, structure and porosity of the se- first-year sea ice. However, our multi-year granu-
lected samples are given in Table 8. In both the lar ice samples were much weaker than the colum-
10 and 107/s tests columnar specimens with nar ice samples loaded in the hard fail direction;
crystal axes elongated parallel (0-20°) to the load- Wang’s granular sea ice samples were about as
ing direction (Type IIA) were consistently the strong as his oriented columnar ice samples in the
strongest. Of these samples, specimens with hard fail direction. The strengths of the granular
aligned c-axes were stronger than those having samples in both studies were similar , but the ma-
random, planar c-axis orientations. Columnar jority of our columnar samples were loaded paral-
samples with elongated crystals oriented parallel lel to the growth direction, while Wang tested ice
to the plane of maximum shear (30-60° to the perpendicular to the growth direction. Peyton’s
loading direction) had intermediate and low work indicates that this can account for a two-fold
strengths. Randomly oriented columnar ice (Type difference in strength, where the samples loaded
IIB) had intermediate strengths. parallel to the growth direction are strongest.

Table 8. Strength, structure and porosity of selected ridge ice samples.

Strength Grain size Porosity
Sample number (MPq) (1bf/in.*) Ice type* (mm) fo/00)

Tested at 10%/s and -5°C (23°F)
High Strength

R1B-320/346 7.52 1090 HA-Aligned 55 x 10 25.3
0° Elongation

R5B-075/101 5.34 774 IIA-Aligned 17 x 6 72.3
5° Elongation

R1B-429/455 4.80 696 1A 15 x 10 23.7
5° Elongation

R8A-432/458 4.53 657 I1A-Aligned 30 x S 24.5
5° Elongation

R5A-165/191 4,27 619 ITA 15 x 3 16.9
0° Elongation

R7A-342/368 4.19 607 11C 2-20 24.4

0° Elongation

Intermediate Strength

R3B-363/387 2.72 394 111B <1 15.3
R2A-140/165 2.68 388 1 2 10.1
R5B-~341/367 2.54 368 1 <1 56.1
R7A-059/082 2.49 361 1 <1 69.5
R8B-499/526 240 348 IIB 20x 5 23.8
Low Strength

R7B-241/267 1.58 229 I 5 77.8
R1A-226/252 1.48 214 HHA 25 X 15 194

40° Elongation

R1A-399/425 1.48 214 1 — 38.9
R2B-094/121 . 118 171 I1IB <1 143
R7A-263/286 0.47 68 IIIA 35 154

40° Elongation
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Table 8 (cont’(i).

Strength Grain size Porosity
Sample number (MPa) (1bf/in.?) Ice type* (mm) (o/00)
Tested at 10~*/s and -5°C (23°F)
High Strength
R1A-300/326 10.90 1580 11A-Aligned 55 x 10 20.3
0° Elongation
R7B-440/466 10.62 1540 IIA-Aligned 45 x 10 32.0
5° Elongation
R8B-466/493 9.93 1440 HA-Aligned 50 x 15 25.6
15° Elongation
RB8A-384/410 8.94 1297 1A 40 x 10 24.2
0° Elongation
R2A-285/310 8.76 1270 11A 25 X 15 22.3
10° Elongation
R1A-175/201 8.76 1270 1A — 16.2
80° Elongation
R5B-141/167 8.76 1270 1IA 45 x 25 21.1
0° Elongation
Intermediate Strength
R3B-331/357 6.70 971 [1IB <1 314
R3A-188/213 6.69 970 I1I 5 23.5
R3A-401/427 6.38 925 [11 <1 21.0
R1B-216/241 6.31 915 I1A 35 x 20 16.3
40° Elongation
R4B-299/325 6.28 910 I1I 2-10 56.2
R4B-420/466 6.28 910 1A 35 x 10 53.0
Low Strength
R8B-300/326 4.05 587 111 — 15.1
R7B-175/201 3.84 557 1IC 5 233
50° Elongation
R7B-072/098 3.36 487 1 — 534
R2A-110/135 2.81 408 [ <1 86.9
R8A-033/059 2.39 346 IITA — 75.2

* The elongation direction for the columnar ice samples refers to the angle between the columns, or
elongated axes, and the loading direction (vertical).

Residual compressive strength

The uniaxial compressive strength tests on the
multi-year pressure ridge samples were programm-
ed on the testing machine to continue to 5% full
sample strain to examine the residual strength and
post-yield behavior of the ice. The residual
strength is defined here as the stress on the sample
at 5% strain assuming the specimen has a constant
10.16-cm (4.000-in.) diameter. Average values of
the residual-maximum strength ratio of the ridge
samples under different loading conditions are
given in Table 9.

All but eight of the tests at 10*/s continued to
5% strain. Three tests at -20°C (-4 °F) failed, and
five tests were ended early because of experimental
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difficulties. At 107%/s and -20°C (-4°F) 18 of 41
tests continued to 5% strain. The data suggest that
as either the strain rate increases or the tempera-
ture decreases, the ice tends to become more brit-
tle and less ductile. Additional tests at different
strain rates are needed to define the ductile-brittle
transition at each temperature of interest.

At a strain rate of 107%/s the residual strength
was quite high, about two-thirds of the peak
stress. For the tests that continued to 5% strain at
10-*/s the residual strength was about one-fifth of
the peak stress. Further work on the nonsimulta-
neous loading of ice on wide structures may show
that residual strength is an important design pa-
rameter at low rates of ice movement.




Table 9. Summary of residual-maximam strength ratios for multi-year

pressure ridge ice samples.

Tests continuing to

Residual-maximum strength ratios 5% strain

Maximum Minimum

Mean and

standard deviation Number Percentage

-5°C (23°F)
107/s 1.000 0.173
107%/s 0.421 - 0.074
-20°C (4 °F)
107/s 0.970 0.315
107/s 0.746 0.047

0.688 + 0.166 68 96
0.198 + 0.078 43 62
0.642 + 0.162 36 88
0.194 + 0.148 18 44

Failure strains

Average failure strains at the maximum stress
for different tests conditions are given in Table 10.
The strains were calculated from the average of
the DCDT measurements on the sample. As antic-
ipated, the failure strain decreased with increasing
strain rate at a given temperature, As the strain
rate increased, the ice became more brittle and tol-
erated less strain before it failed. We would also
expect the failure strain to decrease at a given
strain rate as the ice gets colder; however, the
107%/s tests did not show this trend. The standard
deviations show that we did not have enough

samples to draw any significant conclusions about
the variation of failure strain with temperature.

Figure 36 shows plots of strength vs failure
strain. Each point corresponds to the peak of the
stress-strain curve for each of the tests. The scat-
ter in the data clearly demonstrates the variability
in the mechanical properties of the ice, even at
given temperatures and strain rates. The structure
and porosity of the ice are obviously important. In
the 107%/s tests there is a positive correlation be-
tween ice strength and failure strain. At 107%/s
there is no apparent correlation.

Table 10. Summary of failure strain data for multi-year pressure

ridge ice samples.

Failure strain (%)

Mean and Number of
Maximum Minimum standard deviation samples

-5°C (23°F)

107%/s 0.83 0.06 0.38 + 0.17 71

107%/s 0.20 0.05 0.13 + 0.03 69
-20°C (4°F)

107%/s 0.73 0.10 0.31 + 0.14 41

107%/s 0.25 0.05 0.19 + 0.04 41
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Figure 36. Uniaxial compressive strength vs failure strain for ridge ice samples.
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Initial tangent modulus

We estimated the initial tangent modulus of
each ridge samples from the initial slope of the
force-displacement curve for each compression
test. In a few tests where seating of the actuator on
the sample was not uniform, the linear portion of
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Figure 37. Initial
ridge ice samples.
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Tnitial Tangent Modulus (GPa)

Initial Tangent Modulus (GPa)

the curve immediately after seating was used to de-
termine the modulus. Axial displacement was de-
termined from the average displacement of the
DCDTs mounted on the sample. The initial
tangent modulus is plotted against strain rate in
Figure 37. As with the strength data the modulus

a. Tests conducted at -5°C (23 °F).

b. Tests conducted at -20°C (-4°F).

tangent modulus vs strain rate for




data show considerable scatter due to variations in
ice structure and porosity. Average modulus
values are given in Table 11 and are plotted
against strain rate in Figure 38. The results show
that the modulus increased with strain rate and de-
creased with temperature. For a given temperature
and strain rate, these values agree closely with
those of Traetteberg et al. (1975) for freshwater
columnar and granular ice. The 10~3/s results are
also comparable to dynamic, seismic determina-
tions of Young’s modulus for sea ice (Schwarz and
Weeks 1977). Because of the large scatter of the
modulus data, the trends with temperature are not
statistically significant.

e LSRR RN TR E N

Schwarz and Weeks (1977) reported that
Young’s modulus of sea ice decreases with increas-
ing brine volume. For multi-year sea ice we would
expect a similar decrease with increasing porosity.
The initial tangent modulus of the ridge samples is
plotted against porosity in Figure 39. At 10*/s the
modulus decreased with increasing porosity; at
107%/s no relation is evident. These observations
are similar to those made when examining the
strength porosity data (Fig. 35). Structural defects
such as cracks and cavities apparently have a
greater effect on the ice modulus and strength at
high strain rates, where the ice is more brittle. Due
to time constraints no effort was made to examine
the variation of ice modulus with structure.

\

Table 11. Summary of initial tangent modulus data for multi-year pressure ridge ice samples.

Initial Tangent Modulus

Maximum Minimum Mean and standard deviation Number of
(GPa) (10°1bf/in.?) (GPayj (10%(bf/in.*) (GPay) (10°1bf/in.?) samples
-5°C (23°F)
107%/s 10.34 1.500 2.41 0.350 5.02 = 1.57 0.728 + 0.228 70
107/s 9.86 1.430 4.95 0.718 6.99 = 1.12 1.014 + 0.162 70
-20°C (-4°F)

10°*/s 10.48 1.520 3.45 0.500 595 = 1.1 0.863 = 0.172 40
10°*/s 10.38 1.570 4.89 0.709 7.62 = 1.19 1.105 + 0.173 40
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Figure 38. Average initial tangent modulus of ridge ice
_samples vs strain rate Jor tests at -5°C (23 °F) and -20°C

(-4°F).
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Figure 39. Initial tangent modulus vs porosity for ridge ice samples.
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STATISTICAL VARIATIONS
IN ICE STRENGTH

Statistical analyses were performed to examine
the variation of ice strength of the multi-year
pressure ridge samples. We were interested in de-

termining if there were any significant differences
in ice strength between samples collected from the
ridge sails and keels (above and below the sur-
rounding level ice) and if there were any consistent
trends of ice strength with depth. We were also in-
terested in assessing the variation in ice strength
between ridges, between cores located side by side
on a given ridge, and between samples from the
same core. We prepared histograms for examining
the frequency distribution of ice strength at each
of the four test conditions.

Differences in strength above
and below level ice

When each core was obtained, the elevation of
the top of the core relative to the upper surface of
the surrounding level ice was determined. This
allowed us to classify the ice in each core as above
level ice or below level ice, a classification that ap-
proximately corresponds to above sea level and
below sea level (the level ice elevations in the study
area would not be expected to vary by more than
0.2 m from sea level). Using this basic division of
samples the data for the two strain rates and the
two temperatures can be tested for differences.
Table 12 summarizes the properties of these data
sets, with each set subdivided into above-level-ice
and below-level-ice portions. The hypothesis that
is tested is whether or not there is any reason, bas-
ed on the available data, to doubt that the above-
and below-level-ice samples have the same yield
strength population means G.e., Hy: 8, = M

Table 12. Statistical characteristics of the uniaxial

where p is the population mean and the subscripts
a and b indicate above and below level ice).

Using a two-tailed t-test we found for all four
areas that there is no reason to doubt that both the
above- and below-level-ice samples have the same
population means, even if we accept a 20% chance
of being wrong. It is interesting to speculate about
the reasons for this result. The average salinity of
the ice from the ridge sails is 0.8 ©/00 lower than
the salinity of ice from the ridge keels (Fig. 30);
this by itself would cause the keel ice to be weaker.
However, this is offset by a higher gas volume in
the ridge sails. In fact, the total porosity (gas and
brine) of the sail ice is roughly 40% higher than
the porosity of the keel ice. This, of course, should
result in weaker sail ice. We believe that the lack
of such a trend is caused by the large variations in
ice strength that are produced by changes in the in-
ternal structure of the ice. These structural
changes occur essentially at random throughout
an ice core and do not correlate with the location
of a sample relative to sea level, so they tend to ob-
scure any differences that might exist between the
strength of the ice in the upper and lower portions
of multi-year ridges. This is important, as we can
now combine both the above- and below-level-ice
samples into one population in the Analysis of
Variance (AOV) that follows.

The vertical variation in strength has also been
examined in another way. For each of the 74 cores
from which two or more samples were obtained, a
plot was made of strength vs the depth of the sam-
ple measured below the upper ice surface. Figure
40 is an example of these plots. For each core the
slope of the linear regression line of strength vs
depth was then determined. Figure 41 shows a fre-
quency histogram of the resulting slope values; the
histogram is symmetrical with a mean of essential-

compressive strength of the samples from above and be-

low level ice. Symbols are as follows: 7, = average; s = standard deviation; n = number of tests; / = value of the t-test for differ-
ences between means. Strength values are in 1bf/in.? and (MPa).
Above level ice Below level ice Difference 1 for 0.05 t for 0.20
A S n T, s n between means t significance level significance level
-5°C (23°F)
107%/s 338 140 21 343 170 48 S 0.11 2.00 1.29
(2.33) (0.97) 2.36) (1.17) (0.03)
107%/s 837 236 25 902 240 44 65 1.10 2.00 1.29
(5.77) (1.63) (6.22) (1.65) (0.45) ‘
-20°C (4°F)
107%/s 428 106 15 379 121 24 49 1.26 2.03 1.30
(2.95) (0.73) (2.61) (0.83 (0.34)
107%/s 1425 227 15 1377 187 26 49 0.72 2.03 1.30
(9.83) (1.57) (9.49) (1.29) (0.34)
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Figure 41. Frequency histogram of regression
line slopes of strength vs depth.

ly zero. There clearly is no reason to believe that
there is a systematic variation in strength with
depth in the sampled multi-year pressure ridges.
This, of course, does not mean that the upper and
lower portions of in situ ridges necessarily have
the same strength; during the ice growth season
the near-surface ice is commonly stronger because
of its lower temperature.

4]

Sources of the variation in strength

We initially planned to collect test samples from
exactly the same levels in collocated cores (i.e.
located as close together as practical) from each
ridge. This did not prove possible because of prob-
lems with gouges and breaks in the cores. Instead,
because of the erratic location of the gouges in
each core, vertical locations of the samples in each
core were approximately random. This, coupled
with the fact that there was no systematic differ-
ence between the strength values of the above- and
below-level-ice samples, makes it possible to study
the observed strength variation by using a three-
level AOV model. In this model the total sample
variance is partitioned into the variance compo-
nents contributed by differences 1) between
ridges, 2) between pairs of cores collocated on a
given ridge, and 3) between samples from the same
core,

The linear AOV model assumed is

Yigk = AV oy gy

withi =1...r,j=1..¢ and k = l...n. Here u is
the grand mean, V; corresponds to the ridge effect,
Jij to the effect of collocated cores within the same
ridge, and Z;jk to the effect of samples within the
same core. The parameters v, Y and z;, are
assumed to be normally distributed, with zero
means and variances Y2, w? and o2, respectively.
Table 13 gives the computational relations for this
model, and Table 14 gives the results for the four



Table 13. Analysis for a three-level nested AOV model.

Source of Sums of Degreesof  Mean E
variance squares freedom squares (Mean squares)
.- 2 2 2.2 2
Between ridges ntZ (% -, ) r-1 Sp ocHnwitnty
i
Between cores Erzt: - - 2 2 2
at a site n e X5, ~%5.) Hz-1) §4 oo nw
Between samples rtn 2 2 2
from the same 22 Cxjjk = i) rt(n-1) s o
core ijk
rtn -2
Total PP (i —* ) rtn-1
ik

Table 14. Results of a three-level nested AOV analysis of the variation in compressive strengths, using only

cores that had no “‘missing’’ samples. There are n samples from each core, ¢ pairs of cores on each ridge, and 7 ridges. Strength
values are given in Ibf/in.? and (MPa). i

Degrees
Source of Sum of of Mean Expected a Hy o® = 0 Hjy yi=10
variation squares freedom squares ‘mean squares _ I,L,n ' @ v TF Fpoes 0.95
-5°C (23°F)
10°/s  Between ridges 247,178 4 61,795 o' +3w+6y? 52,3 180 90 29 174 271 110 5.19
111.7) 2.94) (1.24) (0.62) (0.20)
Between cores 283,245 5 56,651 02+ 3w?
at a site (13.47) (2.69)
Between samples 650,369 20 32,518 a?
within cores (30.92) (1.55)
10*/s  Between ridges 118,693 2 59,347 o +3wi+6¢  3,2,3 412 210 61 022 3.49 1.6l 9.55
(5.64) (2.82) (2.84) (1.45) (0.42)
Between cores 110,852 3 36,951 o+ 3w?
at a site 5.27) (1.76)
Between samples 2,034,966 12 169,581 o*
within cores 96.7) (8.06)
-20°C (-4°F)
10%/s  Between ridges 48,027 3 16,000 o*+30i+6y 42,3 127 69 119 0.1 3.01 880* 6.59
(2.28) (0.76) (0.88) (0.48) (0.82)
Between cores 7,276 4 1,819 o’ +3w?
. at a site 0.35) 0.09)
Between samples 259,603 16 16,225 o?
within cores (12.34) 0.77)
10/s Between ridges 279,144 2 139,572 o' +’wi+6y? 3,22 209 so 121 117 349 272 955
(13.27) (6.63) (1.44) (0.34) (0.83)
Between cores 154,017 3 51,339 o +3w?
at a site (7.32) (2.4)
Between samples 525,533 12 43,794 o?
within cores (24.98) (2.08)
+ Significant at the 5%, level; however, this is not significant at the 1% level, where Fy g5 = 16.69.
test conditions. In Table 14 we have only used reason to doubt the hypothesis that w* equals zero
data when a complete set of three samples (one (i.e. that there is no significant variation between
from above level ice and two from below level ice) cores at the same site).
were available for a given core. Because of break- Several cores in each data set were, for a variety
age and gouging this reduces the number of de- of reasons, missing one sample. To avoid discard-
grees of freedom between ridges to between 2 and ing the two samples in each core with a missing
4. The results indicate that in all cases there is no sample (as we did in the previous analysis), we also
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Table 15. Results of a three-level nested AOV analysis of the variation in compressive strengths, including

cores with ‘““missing’’ samples. When one of the three values from a core was missing, it was replaced by the average of the other
two values. The total number of missing values in each data set is indicated by M; ris the number of ridges, ¢ is the number of collocated
cores, and » is the number of samples in each core. Strength values are given in 1bf/in.? and (MPa).

Degrees
Source of Sum of of Mean Expected n R N Hy w* =0 Hyy* =0
vatiation Squares freedom squares mean squares M,r,t,n & ® ¥ F Fpg9s F Fo.95
-5°C (23°F) A
10/s  Between ridges 327,008 6 54,501 o*+3w?+6y2 2,7,2,3 169 71 43 1.52 236 1.25 3.87
‘ (15.55) (2.59) (1.17) (0.49) (0.30)
Between cores 304,106 7 43,444 o2+ 3w?
at a site (14.46) 2.07)
Between samples 798,045 28 28,502 a?
within cores (37.94) (1.35)
107*/s  Between ridges 882,608 6 147,101 o*+3w2+6y* 4,7,2,3 288 114 131 053 236 335 3.87
(41.96) 6.99) : (1.99) (0.79 (0.90)
Between cores 307,389 7 43,913 o2+ 3w?
at a site (14.61) (2.08)
Between samples 2,315,585 28 82,699 o?
within cores  (110.08) (3.93)
-20°C (-4°F)
10*/s  Between ridges 89,114 5 17,823 o*+3w?+6y* 4,6,2,3 106 37 42 0.65 251 244 439
) 4.24) (0.85) (0.73) (0.26) (0.29)
Between cores 43,889 6 7,315 0% +3w?
at a site (2.09) (0.35)
Between samples 271,357 24 11,307 o’
within cores (12.90) (0.54)
107%/s  Between ridges 428,698 5 85,740 o’+3w?+6y2 5,6,2,3 171 45 129 1.21 2,51 241 4.39
(20.38) (4.08) (1.18) (0.31) (0.89)
Between cores 213,321 6 35,554 0t +3w?
at a site (10.14) (1.69)
Between samples 704,850 24 29,369 o?
within cores (33.51) (1.40)

completed an approximate analysis in which we
replaced each of the missing values with the mean
of the other observations from the same core
(Table 15). The inserted values therefore made no
contribution to the residual sum of squares. This
analysis indicates that in all cases there is no rea-
son to doubt the hypotheses that there is no signif-
icant variation between cores at the same site and
that there is no significant variations between
ridges. Table 16 summarizes the differences in the
results of the two analyses. The main factor con-
tributing to the observed variance is associated
with differences within cores. This is not surpris-
ing, considering the extreme local variability in the
structure of the ice in multi-year pressure ridges
(the variance between cores at a site and between
ridges was always much less than that within
cores). In more than 50% of the cases, however,
the variance associated with differences between
ridges was larger than that observed between cores
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in the same ridge. Again these results are reason-
able. In ridges where the block sizes are either
large or very small, we might expect a low variance
from collocated cores. In ridges where the blocky
structure is intermediate in size, the variance
would presumably be higher.

These results do not mean that we believe that
all multi-year pressure ridges have identical
strengths. As a first-year ridge is gradually meta-
morphosed into a multi-year ridge, the voids in the
ridge are slowly sealed with ice, presumably in-
creasing the bulk strength of the ridge. In fact, one
of the ridges sampled (ridge 6) contained many
large voids, which caused the core recovery to be
so poor that we moved to another ridge. We be-
lieve that!this ridge had been through only one
melt season, and as a result many of the voids had
not rehealed. We have also sampled a ridge (which
is not included in the present data set) that con-
tained many large gas bubbles. The ridges in-



Table 16. Summary of differences in the data sets and AOV results between the
cases when no values are missing and when average values are substituted for
missing values. Strength values are in 1bf/in.? and (MPa).

No. of

Estimated standard deviation

missing No. of Within Between cores Betweeﬁ Hy w? = 0H, Y=
values ridges  cores, &’ at a site, & ridges, |’ F Fpos F 005
-5°C (23°F)
107%/s 0 5 180 (1.24) 90 (0.62) 29 (0.20) 1.74 2.71 1.10 5.19
2 7 169 (1.17) 71 (0.49) 43 (0.30) 1.52 236 1.25 3.87
107%/s 0 3 412 (2.84) 210 (1.45) 61 (0.42) 0.22 3.49 1.61 9.55
4 7 288 (1.99) 114 (0.79) 131 (0.90) 0.53 2.36 3.35 3.87
-20°C (-4°F)
107%/s 0 4 127 (0.88) 69 (0.48) 119 (0.82) 0.11 3.01 8.80* 6.59
4 6 106 (0.73) 37 (0.26) 42 (0.30) 0.65 2.51 2.44 439
107/s 0 3 209 (1.44) 50 (0.34) 121 (0.83) 1.17 3.49 2.72 9.55
5 6 171 (1.18) 45 (0.31) 129 (0.89) 1.21 2.51 2.41 4.39
* Significant at the 5% level; however, this is not significant at the 1% level, where

Fo.99 3:4) = 16.69.

cluded in the present data set had well-rounded
surface profiles and are believed to be several
“years old. Also, for several of the ridges, we were
able to examine the surfaces of fractures travers-
ing the ridge in order to ascertain that the ridge
was composed of massive ice that was nearly void-
free. Therefore, we believe that our data set is rea-
sonably representative of old, solid, well-healed
pressure ridges and that even in these ridges the
homogenization processes associated with aging
are not sufficient to erase the large differences in
mechanical properties caused by local structural
differences within the ice.

Shape of the strength histograms

Histograms were also prepared in order to exa-
mine the frequency distribution of ice strength at
each of the four test conditions. Figure 42 shows
histograms based on the four data sets, and Table
17 presents the first four moments (1, f2, B3y Ha)s
the skewness (a:) and the kurtosis (o) for each
data set. For symmetrical distributions, such as
the normal, oz = 0. The kurtosis is a measure of
the peakedness of the distribution, with higher
values indicating a distribution that is more peak-
ed than normal and lower values indicating a
distribution that is broader than normal. At the
higher strain rates (107/s) both sets of data show a
positive skew, but only in the tests performed at
_5°C is the skew large enough to suggest that the
parent population was not normal. The —5°C
tests are also more peaked than normal, while the
_20°C tests are less peaked. It is not possible to
test these deviations for significance, as applicable

Relative Frequency

tables do not exist. At the lower strain rate (107*/s)
the —5°C tests show a pronounced positive skew
and peakedness, while the —20°C tests, although
showing a slight negative skew, do not appear to
be appreciably nonnormal. We therefore conclude
that there is no observational basis for suggesting
that either high test temperatures or low strain
rates themselves are associated with a stength
histogram of a particular shape.

1.0 1.0

-5°C (23°F) -5°C
10¥s 107%s
o.s[— 05\»
| L L
0 000 (1bt/in?) O 1000 (Ibf/in®)
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Figure 42. Ice strength frequency histograms.




Table 17. First four moments Bayeeota, Skewness o, kurtosis a4, and num-
ber of strength values 7 in each of the data sets. Strength values are given in

Ibf/in.? and (MPa).

1133 M2 Ha oy [+ A n
-5°C 23°F)
107%/s 341 25,356 9,201,861 6,213,168,250 2.28 9.66 69
(2.35)  (174.8)
107%/s 879 56,249 9,396,181 1.26 x 10 0.70 3.98 69
(6.06) (387.8) V
-20°C (-4 °F)
107%/s 404 10,039 -104,606 301,536,360 -0.10 2.99 39
(2.78) ( 69.2)
107%/s 1,394 39,525 1,103,267  3,608,530,000 0.14 2.31 41
(9.61) (272.5)

MULTI-YEAR FLOE ICE TESTS

The major research objective of Phase I was to
obtain a preliminary understanding of the struc-
ture and uniaxial compressive strength of ice
samples from multi-year pressure ridges. In addi-
tion, methods were also to be developed to con-
duct uniaxial tension tests at constant strain rates,
uniaxial compression tests at constant loads, and
conventional triaxial tests at constant axial strain
rates. These tests will be used extensively during
subsequent phases of the test program.

The techniques and equipment for performing
the tension, constant load compression, and triax-
ial tests developed in this study are described in the
companion report by Mellor et al. (1984). The test
methods and some initial results are briefly des-
cribed in this report. Multi-year ice samples from
a presumably undeformed area were used to eval-
uate these techniques. Because of the limited
number of tests for each test type and condition,
and because of budget constraints, the tests results
have not been thoroughly analyzed. Structural
analyses have not been performed on the test spec-
imens.

Ice description

Twenty-five cores of multi-year sea ice were ob-
tained from a relatively flat area near ridges 1 and
2. We were not interested in penetrating through
the floe, so the cores were limited to about 3 m in
length. One continuous core was taken exclusively
for analyzing structure and salinity and was not
cut up for test specimens.

A structural profile of the continuous core is
given in Appendix C. The profile was prepared in
the same manner as the pressure ridge structural
profile described earlier. The upper 9 cm of the
core consists of fine-grained slush or snow ice
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underlain by randomly oriented columnar ice.
From 45 to 170 ¢m the columnar ice exhibits a pre-
fered, nearly horizontal c-axis orientation. Be-
cause the elongated axes of the crystals are not ex-
actly vertical, we suspect that the ice sheet had
probably been deflected by a nearby pressure
ridge. At 170 cm we encounter a thin layer of fine
granular ice, followed by a thin layer of columnar
congelation ice. Beneath 190 c¢m the core has a
coarse platey structure mixed with fine granular
ice. The salinity profile for this core and a
schematic structural profile are presented in
Figure 43,

Salinity (%)

0 | 2 3
T T 1

Fabric

O

Depth (m)

’ L
Figure 43. Salinity profile and sche-
matic structural profile Jor the con-
tinuous multi-year Sfloe core.
C = columnar ice;, G = granular

ice; M = mixed granular and colum-
nar ice.




The test samples from the floe had an average
salinity of 1.7 * 0.59/00, comparable to the sal-
inities of the multi-year pressure ridge keel
samples. The average density of the floe samples
at —20°C was 0.910 + 0.006 Mg/m?’.

We prepared thin sections for most of the multi-
year floe test specimens, but we have not yet per-
formed structural analyses. Several columnar
samples had crystal c-axes that were close to 45° to
the loading direction. Other than increasing the
variability in ice properties, this suggests that the
presumably undeformed sampling area on the floe
was in fact part of the adjacent pressure ridge
flank.

Uniaxial compressive strength

Eleven constant-strain-rate, uniaxial compres-
sion tests were performed on the floe ice samples
so that their properties could later be compared to
those of the ridge specimens. Some 107%/s tests
were also conducted in preparation for Phase Il of
the program. The test specimens were prepared,
instrumented and tested in the same manner as the
ridge samples. :

The strength data are plotted in Figure 44,
Strength, moduli and other properties for each
specimen are given Appendix D. In general the ice
strength increases with increasing strain rate and
decreasing temperature. The data also show con-
siderable scatter because of the variation in ice
structure and crystal orientation.

Constant-load compression tests

Constant-load compression tests were per-
formed on the closed-loop testing machine and on
a specially designed pneumatic loading jig. The
closed-loop testing machine was used for high-
load tests at stresses of 2.07 and 4.14 MPa (300
and 600 1bf/in.?), while the pneumatic loading jig
was used for the small-load test at 0.69 MPa (100
Ibf/in.?). Samples loaded on the testing machine
were prepared and instrumented in the same man-
ner as the ridge compression specimens.

The pneumatic loading jig was based on a de-
sign developed by Mellor and Cole (1982). It con-
sisted of a loading frame and a Bellofram pneu-
matic actuator, which was used to apply the load
to the sample (Fig. 45). Sample strains were meas-
ured by a pair of DCDTs mounted between the
end caps on the specimen and were recorded on a
digital, paper tape recorder. Axial strains were not
measured on the sample, as the constant-load tests
performed on the testing machine showed that full
sample strains and sample strains up to and be-
yond yielding were essentially equal. The loading
jig was placed in an environmental chamber inside
a coldroom. The chamber was heated to maintain
a constant temperature during each test. Details
on the instrumentation and test equipment are
given in Mellor et al. (1984).

Nine constant-load compression tests were per-
formed at different loads and temperatures. The
results are given in Appendix D and plotted in
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Figure 44. Uniaxial compressive strength of multi-year
floe ice samples at -5°C (23°F) and -20°C (-4 °F) vs

strain rate.
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Figure 45. Pneumatic loading jig
used in constant-load compression
tests.

Figures 46. The strain-rate minimum for each of
the tests was determined by differentiating each
strain-time curve. The failure strain was defined
as the strain at the strain-rate minimum, marking
the onset of tertiary creep. _

The strain-rate minimum of each test is plotted
against the applied stress in Figure 46a. In general
the strain-rate minimum increases as the stress in-
creases; however, there is considerable scatter in
the data due to variations in the ice structure. The
strain-rate minimum is plotted against the failure
strain in Figure 46b. Unlike the results on poly-
crystalline freshwater ice by Mellor and Cole
(1982), ductile yielding occurs at strains of about
0.2-0.3%, not at 1%. However, the failure strains
in the constant-load tests generally agree with the
failure strains in the constant-strain-rate tests,
supporting the correspondence between constant-
. load and constant-strain-rate tests for ice sug-
gested by Mellor (1980). Despite the scatter in the

test data, the strain-rate minimum in each of the
tests varies inversely with the time to failure (Fig.
46¢). This suggests that the ice behavior prior to
the onset of tertiary creep can be described by a
Burgers rheological model (Mellor 1980). A
Burgers model consists of a series combination of
the Kelvin-Voigt and Maxwell models.
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Figure 46. Constant-load compression test re-
sults for the multi-year floe at -5°C (23 °F) and
-20°C (-4°F).
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Figure 46 (cont’d). Constant-load compression test results for the multi-year floe at -5°C (23°F)and -20°C (-4°F).

Constant-strain-rate tension tests

Constant-strain-rate tension tests were per-
formed on capped, dumbbell test specimens at two
strain rates (10~ and 107*/s) and two temperatures
(—5°and —20°C). The dumbbell specimens were
prepared from 25.4-cm-long, 10.2-cm~diameter
core samples in a similar manner as the compres-
sion test specimens; however, the diameter of the
central portion of the specimen was further re-
duced to 8.9 cm. The smaller neck diameter was
chosen to prevent failure at the end-cap bond. A
series of strength tests were performed to evaluate
the maximum neck diameter that would ensure
that failure would be in the central portion of the
sample. To minimize stress concentrations in the
sample, the fillets on each end of the dumbbell
specimen had a radius of two neck diameters, or
17.8 cm.

The tests were conducted on the closed-loop
testing machine, where the strain rate was con-
trolled by an extensometer mounted between the
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end caps. The capped samples were attached to the
machine’s cross heads with a pair of spherical uni-
versal joints, one mounted on each end of the
sample. These ball joints were used by Currier
(1981), who investigated the tensile strength of
freshwater polycrystalline ice. In a few of the later
tests, axial strains were also measured on the re-
duced central portion of the sample with a pair of
DCDTs. Additional information on sample pre-
paration, equipment and tension testing can be
found in Mellor et al. (1984).

The results from the tension tests are given in
Appendix D and plotted in Figure 47. Compared
to compressive strength, the tensile strength of the
multi-year floe samples shows little variation with
temperature and strain rate. Michel (1978) found
similar trends for replicate freshwater polycrystal-
line ice samples. Our results are surprising because
there is considerable variation in ice structure be-
tween samples. Tests on freshwater polycrystalline
jce show that the ice strength varies by a factor of
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Figure 47. Uniaxial tensile strength of multi-year floe speci-
mens at -5°C (23 °F) and -20°C (-4°F) vs strain rate.

three, depending on the grain size (Michel 1978).
The average tensile strength of all our tests was
1.00 + 0.22 MPa (145 + 32 Ibf/in.?). Typically
the samples failed at a strain of about 0.01-
0.02%. The full-sample failure strains measured
between the end caps are comparable to the failure
strains measured on the reduced sections of the
samples. We would expect the sample strains of
the reduced sections to be higher. Possibly there is
some excessive yielding at the bond between the
ice and the end cap.

Triaxial tests

Conventional triaxial tests were performed on
the closed-loop testing machine using the triaxial
cell shown in Figure 48. The cell was designed so
that the confining radial pressure on the sample
could be ramped in constant proportion to the ap-
plied axial stress. For a right circular cylindrical
specimen the ratio of the confining pressure to the
axial stress is determined by the ratio of the dia-
meter of the piston entering the cell (sample
diameter) to the diameter of the piston in the up-
per cylinder. Two ratios of confining pressure to
axial stress were used: 0.46 and 0.68. The larger
ratio was obtained by placing a collar in the upper
piston and using a smaller-diameter piston. Strain
rates were controlled by an extensometer attached
between the cell and the upper cylinder. The triax-
ial specimens were prepared in the same manner as
the constant-strain-rate compression ridge ice
samples. Additional details on the triaxial cell can
be found in Mellor et al. (1984).*

* Recent work has shown that specimen end caps made from
phenolic resin are too soft for triaxial testing when axial dis-
placement is measured outside the pressure cell. Aluminum end
caps have been substituted. Displacement transducers must
also be mounted on the specimen to obtain reliable modulus
data.
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Because the compression test specimens had a
dumbbell shape, we must correct for the axial ten-
sile forces of the fluid on the sample when we
compute the axial stresses:

Oeor = F/A; [1-K/A; (A ~A)]

Linear
Ball Bushings

A4

"0" Rings

Inter-
cylinder
(piston area A)

inear Ball Bushings

Axial Force pA ——&J}=

-

Fluid Bypass
pressure p)

17

Pressure

Phendlic
Transducer

Caps

Test
Cylinder

Lower Platen

Figure 48. Triaxial testing equipment.



corrected axial stress
F external measured force
A, = area of the reduced section of
the sample

K = ratio of A, to the area of the
AC

where o,

piston in the upper cylinder
= area of the end cap.

The triaxial tests results are presented in Appen-
dix D and are summarized in Figure 49, where the
average triaxial strength for each test condition is
plotted against the confining pressure at failure.
Tests were conducted at two strain rates (10~% and
10°%/s), two temperatures (— 5° and —20°C), and
two confining pressure-axial stress ratios (0.46
and 0.68). The tests at 107/s and —20°C with a

confining pressure ratio of 0.68 were projected to
exceed the capacity of our system (~ 20 MPa axial
stress) and were not conducted. Two other tests
were continued well beyond the design limits of
the system and resulted in damage to the triaxial
cell.

The plotted results actually reresent a portion of
the ice yield surface in the compression-compres-
sion quadrant in stress-stress space. As the tem-
perature decreases or strain rate increases, the size
of the yield surface increases. The data again show
considerable scatter; however, the structure of the
multi-year floe ice is highly variable. The average
results generally agree with the triaxial test results
of Jones (1982), who investigated the confined
compressive strength of freshwater polycrystalline
jce at —11°C and different strain rates.
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Figure 49. Average confined compressive strength
of multi-year floe samples at different temperatures
and strain rates vs confining pressure at failure for
confining pressure/axial stress ratios of 0.46, 0.68
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CONCLUSIONS

The results of Phase I of this investigation have
provided a preliminary understanding of the struc-
ture and mechanical properties of multi-year sea
ice. Data are now available for the preliminary de-
sign of structures to be used in exposed areas of
the Beaufort Sea. However, considerable work re-
mains to be done before reliable constitutive rela-
tions can be developed for detailed ice-structure
analyses. Not only do additional tests have to be
performed at different temperatures and loading
conditions, a greater emphasis has to be placed on
the effect of ice structure on the ice mechanical
properties. Both the strength and modulus ice data
show more scatter than can be explained by varia-
tions in ice temperature, porosity, test load, strain
rate or confining pressure. Before the results of
Phase I can be fully applied, we need to categorize
the structure of each test specimen. More structur-
al analyses should also be planned in subsequent
phases of the program.
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APPENDIX B: RIDGE UNIAXIAL COMPRESSION TEST DATA

This appendix contains the results from the constant-strain-rate, uniaxial compression tests performed
on the multi-year pressure ridge specimens. The parameters listed for each test are defined in Index B.

INDEX B
Column
no. Symbol Description

1 % (psi) Peak stress, or strength

2 (m(GL) (%) Strain at % determined by the DCDTs over a gauge length of 5.5 in.

3 zm(FS) (%) Strain at %n determined by the extensometer over the full sample length of 10 in.
4 . (s) Time to peak stress

5 9, (psi) Stress at end of test

6 ee(FS) (%) Full sample strain at end of test

7 ly (s) Time to end of test

8 Ei(GL) (10¢ psi) Initial tangent modulus determined using strains found over the gauge length
9 EO(GL) (10° psi) Secant modulus determined using gauge length strains

10 EO(FS) (10¢ psi) Secant modulus determined using full sample strains

11 Si (%50) Sample salinity at test temperature

12 o (lb/ftY) Sample weight density at test temperature

13 Vb (%) Brine volume at test temperature

14 Va(%o) Air volume at test temperature

15 n(Yw) Porosity at test temperature

16 o /o Ratio of end to peak stress at 5% full sample strain

17 Ice squareness (in.) Sample squareness departure after ends are milled

18 End cap squareness (in.)  Sample squareness departure after end caps are mounted

19 Shim (in.) Amount of shim stock inserted between low end of sample and actuator before testing

Sample Numbers

R1A-175/201

I l—Sample position (in centimeters) from top of ridge
Multi-year ridge ice

Ridge number

Hole number
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APPENDIX C: STRUCTURAL PROFILE OF THE CONTINUOUS MULTI-YEAR FLOE CORE
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APPENDIX D: MULTI-YEAR FLOE TEST DATA

This appendix contains the results from the tests performed on the multi-year floe
specimens. The results are grouped according to the type of test: constant-strain-rate uniaxi-
al compression; constant-strain-rate uniaxial tension; constant-load uniaxial compression;
and constant-strain-rate triaxial. Most variables have been defined in Index B, with the
following exceptions. In the constant-strain-rate tension test data, the gauge length strains,
€m(GL), were determined over a gauge length of 4.0 inches on the reduced section of the sam-
ple. In the constant-load compression test data, o is the applied stress on the sample, e'min(Fs)
is the strain-rate minimum determined from full sample displacement, ¢,(FS) is the full sam-
ple strain at the strain-rate minimum or failure, ¢, is the time to failure, and ée(FS) is the full-
sample strain rate at the end of the test.
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A facsimilecatalog card in Library of Congress MARC
format is reproduced below.

Cox, G.F.N.

Mechanical properties of multi-year sea ice:
Phase I: Test results / by G.F.N. Cox, J.A. Richter-
Menge, W.F. Weeks, M. Mellor and H. Bosworth.
Hanover, N.H.: Cold Regions Research and Engineer-
ing Laboratory; Springfield, Va.: available from
National Technical Information Service, 1984,

v, 107 p., illus., 28 cm. ( CRREL Report 84-9. )
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